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Abstract 
 
LiMn0.7Fe0.3PO4 nanoplates were prepared by a polyol process at 100
oC for 4h, and nanoplates with a 
thickness of ~ 30 nm oriented along [010] direction were obtained, followed by carbon-coating by 
ball-milling with Ketjen black. X-ray diffraction was performed to identify the phase of the material, 
resulting in Pnma of orthorhombic system. Scanning electron microscopy and transmission electron 
microscopy were performed to investigate the morphology and size of the particles. Average 
LiMn0.7Fe0.3PO4 nanoplates are about 30 nm and they were coated with an amorphous carbon layer 
with several nanometers. In addition, energy near edge stricture (ELNES) shows Mn L- and Fe L-
ELNES spectra for LiMn0.7Fe0.3PO4. A comparison of ELNES spectra with the standard oxides 
[CH3COCH=C(O)CH3]2Fe, where metal atoms are octahedral synchronized by six oxygen atoms, 
suggests that the Fe replaced the manganese site with Fe2+/3+ ions, respectively. Moreover, dQ/dV 
versus voltage plot showed the charge and discharge peaks (oxidation and reduction) centered at 3.4V 
and 4.1V. Raman spectroscopy identified the amorphous carbon coating on the nanoplates 
LiMn0.7Fe0.3PO4. Electrochemical performances of the samples were tested in coin type half cells. The 
carbon coated LiMn0.7Fe0.3PO4 nanoplates are presented a good rate behavior and cyclic life both at 
21oC and 60oC. The sample shows capacity of 161 mAh g-1 at 0.1C, 143 mAh g-1 at 1C rate (21 oC). At 
elevated temperature (60 oC) this material exhibited improved capacity of 165 mAh g-1 at 0.1C and 
140 mAh g-1 at 1C. The electrode retained 99% of the capacity at 0.1C, after 40 cycles at 60 oC. This 
electrochemical stability is attributed to the structural stability by Fe ions, which decreased Mn3+ 
dissolution from LiMn0.7Fe0.3PO4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
１ 
 
 
I. Introduction 
 
1. Olivine cathode materials 
 
 The lithium-ion battery was born in 1991 and grew quickly as the power source of choice for 
portable electronic devices, specifically wireless telephones and laptop, during the past 20 years. 
Today, the present world cannot be described without considering lithium-ion batteries. Modern 
lithium-ion battery technology consists of LiCoO2 and graphite, which is the first generation of 
lithium-ion batteries. The lithium-ion batteries presently available in market range in capacity from 
550 mAh to 2.5 Ah for transferable applications. In order to advance lithium-ion batteries, several 
concepts have been urbanized, leading to inventive new positive and negative electrode materials. 
 The electrochemical performance of LiFePO4 was reported by Padhi et al. in 1997 [1]. Lithium 
transition metal phosphates with ordered-olivine structures, LiMPO4 (M = Co, Ni, Mn, Fe, Cu), have 
involved much consideration as promising new cathode materials for rechargeable lithium batteries 
[2-19]. Crystalline LiFePO4 and LiMnPO4 have an orthorhombic unit cell, which accommodates four 
units of LiMPO4. In phospho-olivines, all oxygen ions form strong covalent bonds with P
5+ to from 
the PO4
3- tetrahedral polyanion and stabilize the total three-dimensional framework. This guarantees 
steady operation at higher temperatures and great safety under offensive conditions [1, 2, 12, 19], 
which adds significantly to the attractiveness of the olivine-type cathode. The Ptet-O-Poct association in 
the structure induces the super-exchange interaction that tunes the M3+/M2+ redox energy to helpful 
levels (3.4, 4.1, and 4.8V for Fe3+/Fe2+, Mn3+/Mn2+, and Co3+/Co2+, respectively) [1, 6], which is called 
the “inductive effect”. The positions of the redox couples were also established by the first standard 
calculation[2]. Their theoretical capacity of up to 170 mAh/g provides high energy density compared 
to that of LiCoO2, stabilized LiNiO2, and LiMn2O4. In the olivine-type LiMPO4 family, LiFePO4, 
LiMnPO4, and their solid solution, Li(MnyFe1-y)PO4 [1, 4, 20], look promising because they operate at 
3.4V-4.1V versus Li/Li+. This is advantageous because it is not so high as to decompose the organic 
electrolyte but it is not so low as to forfeit energy density[21]. 
 In this study, the current status of LiMPO4 research is reviewed in light of these scientific challenges. 
Li insertion/extraction mechanism of the olivine materials, structures of LiFePO4, LiMnPO4 and 
Li(MnyFe1-y)PO4 , nano-size Li(Fey-1Mny)PO4 solid solution was summarized at first, and then 
describes problem of the olivine materials and future research needs. 
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2. Li insertion/extraction of the olivine materials 
  
In the initial report about LiMPO4, it was postulated that lithium diffusion could occur in two 
dimensions, as observed in LiCoO2 and similar layered oxides[1]. The LiO6 octahedra are edge-shared 
equivalent to the b-axis of the crystal, creating Li tunnels in this direction. These chains are estranged 
by octahedral interstitial sites along the c-axis, accounting for the second possible direction of Li 
transport (Fig. 1). 
 
 
Fig. 1  Crystal structure of LiMPO4 viewed along the c-axis [1] 
 
 In 2004, Morgan et al. first employed the first-principles method to study Li-ion transport in the 
olivine structure of LiFePO4 [22]. Their results clearly indicate a preference for lithium ion transport 
along the b-axis. The diffusion coefficient was premeditated than in the [001] direction. Further 
structural was modeling by Islam et al. confirmed Morgan’s result [23]. In 2008, Nishimura et al. 
reported the experimental hallucination of lithium diffusion in LixFePO4 by combining high-
temperature powder neutron diffraction and the maximum entropy method (MEM) [24]. A three-
dimensional outline surface of the nuclear allocation of lithium atoms in Li0.6FePO4 was given in their 
report. The possibility density of lithium nuclei strictly distributes into the incessantly curved one-
dimensional chain along the [010] direction (Fig. 2), which is dependable with the computational 
predictions by Morgan et al [22]. And Islam et al [23]. Furthermore, Li et al. employed ac impedance 
measurements on crystals grown by the flux method [25]. Their results designate that ionic 
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conductivity along the [010] direction is much higher than that in the [100] direction and in the [001] 
direction, which agrees with the calculations of Morgan. 
 
Fig. 2  Nuclear distribution of lithium calculated by MEM using neutron powder diffraction 
data measured for Li0.6FePO4 at 620 K[24].  
 
 As mentioned above, some theoretical calculations [22, 23, 26] have been conducted concerning the 
diffusion process in LiFePO4 and their major conclusion is that lithium energy is lower along the b-
axis because the Li ion migration energy is lower along the b-axis compared with other directions. 
However, Ellis et al. have commented that the complete values of the activation energies calculated 
tentatively may not be reliable as the models were assumed free from ion transport, and interactions 
with the framework and localized electron sites were ignored. From their Mössbauer spectroscopy 
measurement the small poltroon carrier mobility is predicted to be “two-dimensional” [27] with 
motions of Li ions and electrons being correlated. In addition, Amin et al. conducted a systematic 
examination of ionic and electronic conductivity as well as chemical Li-diffusivity in single 
crystalline LiFePO4 as a function of crystallographic direction over an extended temperature range 
[28]. Their study suggests that the magnitudes for ionic conductivity in both the [001] and [010] 
directions and the diffusion coefficient are the same at 140-147 ºC, indicating that two-dimensional Li 
transport must occur at that temperature [28, 29]. However, the 2D disposition observed in ref. 29 is 
now discussed to be induced by anti-site defect and is an incident occurring in the long range. In fact, 
as mentioned above, the nature of the lithium-ion transport has been debated. 
 
 
3. Reaction mechanism of the olivine materials 
 
 In 1997, Padhi et al. has mentioned the conclusion that the flat charge/discharge profile of LiFePO4 
arises from the motion of a two-phase interface [1]. The second phase was recognized to be 
orthorhombic FePO4, which crystallizes in the same space group as LiFePO4 (Pnma). The difference 
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in the unit-cell volume between the two phases was established the continuous deviation of the OCV 
from 3.45 at the initial start and the end of the discharge [30]. Combined with the mathematical 
appearance, they suggested that there would be a matching single phase region outside the two-phase 
coexistence region, and thus proposed a simple lessening core model to describe the intercalation of 
Li into FePO4 where lithium insertion proceeds from the surface of a particle heartrending the two 
phase interface (Fig. 3). By this basis, electrochemical profiles of cells discharged at various rates 
were effectively modeled [30]. In fact, the existing shrinking-core model can be traced to a qualitative 
picture complementary the first experimental exhibition of the material as an intercalation electrode 
[1]. The arithmetical modeling of ion intercalation, mentioned in Fig. 3, is based on the shrinking-core 
concept with come further simplifying suppositions. However, the restriction of this proposed simple 
shrinking-core model is that it does not take into account any anisotropy arising from the fact that ion 
(and electron) motion is controlled by the olivine-type structure itself. Consequently, the subsequent 
works have put the shrinking-core model in doubt [31-34]. In 2006, Laffont et al. presented a 
widespread study on the de-insertion/insertion mechanism of LiFePO4 by high-resolution electron 
energy loss spectroscopy (EELS) on thin platelet-type particles of LixFePO4 (b Pnma axis normal to 
the surface) [31]. Based on their research results, Laffont er al. provides diagram views of the 
interfacial region between LiFePO4 and FePO4 (Fig. 4), which is dissimilar from the previous 
shrinking core model. According to Laffont’s model, the FePO4 core shaped in the particle’s interior 
extends in the a-direction through the entire particle on the delithiation process. The process is 
efficiently reversed for the case of relithiation. 
 Lately, Delmas et al. engaged X-ray diffraction and electron microscopy technologies to learn the 
lithium de-intercalation/intercalation process of LiFePO4 nano-particles equipped by the conservative 
solid state method [32]. In their study, the XRD and high resolution TEM show that the incompletely 
intercalated (or de-intercalated) LiFePO4 particle is constituted of a mixture of primary particles of 
either single phase Li1-yFePO4 or LixFePO4. This result suggests that the growth of one phase in the 
particle of the other phase is significantly faster than the nucleation. Based on the studied results, 
Delmas et al. recognized a domino-cascade model to give details the lithium intercalation/de-
intercalation process of nano-sized LiFePO4. This model is also in good conformity with the EELS 
study reported by Laffont et al. which demonstrated that there is no solid solution in the interfacial 
region between the two limit compositions. Regrettably, Ramana et al. ’s current work invalidates 
both the shrinking-core model and the domino-cascade model [34]. In short, at present, it is 
complicated to establish a single unified model to depict the chemical and electrochemical 
reversibility of LixFePO4 [35]. 
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Fig. 3  Photograph of the shrinking-core model with the juxtaposition of the two phases and 
the movement of the phase boundary. The processes during discharge are demonstrated. Both 
the single-phase and the two-phase regions are shown [30]. 
 
 
６ 
 
 
Fig. 4  Schematics of several proposed growth models for the LiFePo4-FePO4 phase transition 
(a) Isotropic shrinking-core model by Padhi et al. [1] and Srinivasan & Newman [30] (b) 
Anisotropic growth model by Laffont et al. [31].  
 
 
4. Nano-sized Li(Fe1-yMny)PO4 solid solution 
 
Reinstating the transition-metal ion Fe2+ by Mn2+, Co2+, and Ni2+ raises the redox potential 
drastically from 3.45V in LiFePO4 to 4.1, 4.8, and 5.1V, respectively, in LiMnPO4, LiCoPO4, and 
LiNiPO4 because of the changes in the positions of the diverse redox couples [1, 36, 11, 37]. 
LiMnPO4 is of meticulous interest because of the environmentally benign manganese and the 
constructive positions of the Mn2+/3+ redox couple at 4.1V vs Li/Li+, which is companionable with 
most of the electrolytes. However, it has been revealed to offer very low capacity and unfortunate rate 
capability due to the large lattice distortions induced by Jahn-Teller active Mn3+ ions and the much 
lower electronic conductivity (~10-14 S/cm) of LiMnPO4 compared to LiFePO4 (~10
-9 S/cm) [38, 36]. 
On the other hand, the flat voltage profile at 4.8V of LiCoPO4 is gorgeous to increase the energy 
density. However, its full theoretical capacity (~167 mAh/g) has not been realized in sensible cells so 
far, and the cycle life of LiCoPO4 is also unfortunate due to the instability of the usually used LiPF6 in 
EC:DEC electrolyte at these high operating voltages [6, 39]. The redox potential of LiNiPO4 is even 
higher at 5.1V, which creates it hard to test with the presently obtainable electrolytes. Lately, the 
varied transition-metal systems have fascinated considerable interest [1, 40-43]. Among them, the 
LiFe1-yMnyPO4 solid solution system has strained much attention, as it displays higher energy density 
and enhanced redox kinetics due to enhanced electronic conductivity compared to their end members. 
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On the other hand, the LiMn1-yCoyPO4 and LiFe1-yCoyPO4 solid solutions are pleasing due to their 
high working voltage arising from the Co2+/3+ redox couple. 
 The reaction performance of olivine phosphates has been premeditated in detail recently, showcasing 
several motivating observations. Although the first work exposed a two-phase reaction mechanism 
with LiFePO4 and FePO4 as end members [1], following investigations by Yamada et el [44]. have 
designated that the reaction involves two narrow mono-phase end members LiαFePO4 and Li1-βFePO4, 
where the values of α and β have been established to be dependent on temperature [45], particle size 
[46, 47], and doping. Learned on the reaction behavior of the LiMn1-yFeyPO4 solid solution have also 
exposed several motivating observations. Earlier, a phase diagram for LiMn1-yFeyPO4 was planned in 
which the reaction behavior of the Fe2+/3+ couple has been reported to change from two-phase 
performance in LiFePO4 to single-phase performance in LiMn1-yFeyPO4 (0.6<y<0.8), with the Mn
2+/3+ 
couple always showing a two-phase performance (Fig. 5)[3, 4]. However, current in situ synchrotron 
X-ray diffraction studies have opposed the above results, enlightening a two-phase reaction 
mechanism for both the Fe2+/3+ and Mn2+/3+ redox couples in LiMn0.6Fe0.4PO4 with a solid solution 
domain occurring in the middle region[3]. Recently, Kobayashi et al[4]. have accounted a systematic 
shift in the redox potential of the Fe2+/3+ and Mn2+/3+ couples in the LiMn1-yFeyPO4 solid solution 
compared to their pristine end member (LiFePO4 and LiMnPO4). However, measurement of the redox 
potentials and examination of the reaction performance are not available for other solid solutions such 
as LiMn1-yCoyPO4, LiFe1-yCoyPO4, and LiFe1/3Mn1/3Co1/3PO4. Accepting the reaction performance of 
such solid solutions can help to advance the performance of olivine cathodes and the search for new 
cathode materials (fig. 6)[48]. 
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Fig. 5  the (x, y) two-dimensional phase diagram of the Lix (MnyFe1-y)PO4 (0 ≤ x, y ≤ 1) system 
obtained using XRD Mössbauer spectroscopy. Information is simply given on the single-phase 
or two-phase matter together with the valence states of Mn and Fe. The map is divided into four 
areas: (a) the unstable region close to the point (x, y) = (1,0); (b) the two-phase region by 
Mn3+/Mn2+ (closed circles; y ≥ x); (d) the two-phase region by Fe3+/Fe2+ (open circles; a part of y 
≤ x); and (c) the single-phase region by Fe3+/Fe2+ connecting (b) and (d) (open triangles)[4].  
 
 
 
Fig. 6  Phase diagram of the LiM1-yMyPO4 (M = Fe, Mn, or Co) solid solution system. The 
compositions studied are indicated by closed circles [48]. 
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5. The electrochemical performance of LiMny-1FeyPO4  
 
 The table 1 shows previous electrochemical performance of LiMny-1FeyPO4. X. Y. Chang et al. 
reported LiMn0.7Fe0.3PO4 by solid state method. They presented discharge capacity 120 mAh g
-1 at 
0.1C. X. Y. Chang et al. failed theoretical capacity that is 170 mAh g-1 at 0.1C [49]. However, S. K. 
Martha et al. reported LiMn0.8Fe0.2PO4 by solid state method. They showed good electrochemical 
performance by reducing particle size. S. K. Martha et al. showed discharge capacity 160 mAh g-1 at 
0.1C [50]. Recently, S. M. Oh et al. reported LiMn0.85Fe0.15PO4 by Ultrasonic pyrolysis. They showed 
discharge capacity 163 mAh g-1 at 0.05C [51].  
 
Table 1. Previous reports of LiMny-1FeyPO4 
Process Precursors size 
Specific 
Capacity 
(mAh/g) 
Carbon 
contents 
(wt %) 
C-rate Ref 
LiMn0.1Fe0.9PO4/Fe2p 
Mechanical 
Alloying 
(MA) 
LiOH·H2O 
Fe2O3 
(NH4)2HPO4 
Mn2O3 
1.5 µm 
140 
CC-CC 
2.5V-4.3V 
Acetylene 
black 
3wt % 
0.1C [52] 
LiMn1/3Fe1/3Co1/3PO4 
Hydrother-
mal 
LiOH·H2O 
MnSO4·4H2O 
FeSO4·7H2O 
CoSO4·7H2O 
H3PO4 
500 nm 
110 
CC-CV 
2.6-4.9 V 
Carbon 
black 
26.3 wt% 
0.2C [53] 
LiMn0.4Fe0.6PO4 
Solid-state 
Li2CO3 
MnC2O4·0.5H2O 
FeC2O4·2H2O 
(NH4)2HPO4 
100 nm ? 
Ketjen 
black 
10 wt% 
? [54] 
LiMn0.5Fe0.5PO4 
Solid-state 
Li2CO3 
Fe(Ⅱ)C2O4·2H2O 
Mn(Ⅱ)C2O4·0.5H2O 
(NH4)2HPO4 
? 
160 
CC-CV 
2.7-4.25 V 
? 0.04C [55] 
LiMn0.6Fe0.4PO4 
Solid-state 
Fe(C2O4)2 
MnCO3 
NH4H2PO4 
Li2CO3 
? 
160 
CC-CC 
2.0-4.5 V 
? 
0.12 
mA/cm2 
[56] 
LiMn0.7Fe0.3PO4 
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Solid-state 
Li2CO3 
MnCO3 
NH4H2PO4 
FeC2O4·2H2O 
100-200 
nm 
120 
CC-CV 
2.75-4.5 V 
Carbon 
black 
10 wt% 
0.1C [49] 
LiMn0.8Fe0.2PO4 
Solid-state 
LiH2PO4 
MnCO3 
Fe(C2O4)2·2H2O 
20-60 nm 
160 
CC-CV 
2.7-4.25 V 
Carbon 
black 
10 wt% 
0.1C [50] 
LiMn0.85Fe0.15PO4 
Ultrasonic 
pyrolysis 
LiH2PO4 
Mn(NO3)2·4H2O 
Fe(NO3)3·9H2O 
20-200 
nm 
163 
CC-CV 
2.7-4.5 V 
Acetylene 
black 
30 wt% 
0.05C [51] 
 
 
6. Problems and future of the olivine materials 
 
6. 1.  Jahn-Teller instability by Mn3+ 
 
In Fig. 7, the difference of the three lattice constants in the orthorhombic Pmnb lattice, a, b, c, are 
converted to the increase percentage. A simple isotropic lattice increase is confirmed for the series of 
Li(Fe1-y
2+Mny
2+)PO4 (discharged state) and is linked with the continuous volume enlarge shown in Fig. 
8. It seems that the series of (Fe1-y
3+Mny
3+)PO4 (charged state), the elongation of the a-axis, which 
maintains the unit cell volume at a constant value autonomous of the Mn3+ content y (Fig. 7). The 
anisotropic lattice distortion explains a linear increase as a function of Mn3+ content y [56, 21]. 
 
 
Fig. 7  Unit-cell deformations of the solid solutions: (a) Li(Fe1-y
2+Mny
2+)PO4; and (b) Li(Fe1-
y
3+Mny
3+)PO4. The data for (Fe1-y
3+Mny
3+)PO4 is not associated by solid line because it contains a 
non-olivine phase, which was experimental by Mössbauer spectroscopy [56]. 
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Fig. 8  Change in the unit-cell volume as a function of Mn content y. The data for 
(Mn0.8
3+Fe0.2
3+)PO4 is not associated by a solid line it includes a non-olivine phase, which was 
experimental by Mössbauer spectroscopy [56]. 
 
6. 2.  Stability of nano-sized LiFePO4 in the atmosphere 
 
It is well recognized that Fe2+ is quite unstable in distinctive air where O2 and a small amount of H2O 
co-exist. Current study has established that the stability of LiFePO4 in distinctive air decrease with 
reduction of the particle-size since nano-sized structure increase the exposure area in air [57]. This 
may also limit the extensive application of nano-sized LiFePO4. 
 They have conversed that full carbon coating merged nano-size can efficiently enhance the power 
performance and cycling ability of LiFePO4 because the full coating layer of carbon can get better the 
electron transport and hold back the direct contact between LiFePO4 nano-particles and the electrolyte 
[58]. In fact, the full carbon coating layer can also effectively prevent direct contact between the 
LiFePO4 nano-particles and air, thus improving its stability under air exposure condition [35]. 
 They weathered the charged/discharge performance of the nano-sized (particle size 20-40 nm) 
LiFePO4 with full coating of carbon which was uncovered in air at room temperature for about two 
months. Later than a long-time air exposure, the LiFePO4/carbon nano-composite with a core-shell 
structure exhibited the first charge capacity of 170 mAh/g and the first discharge capacity of 160 
mAh/g, demonstrating high stability at room temperature. In a previous report, the first charge 
discharge capacity, because come surface Fe2+ has been oxidized into Fe3+ [59]. In addition, it has 
been reported that the nano-sized LiFePO4 without carbon full coating was perceptibly oxidized with 
only one day air exposure at room temperature [57].  
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 In order to additional study its stability, the nano-sized LiFePO4 with full coating of carbon layer was 
calcined at 120 ºC under pure oxygen conditions for 24h. Fig. 9 presents the charge/discharge curves 
of the LiFePO4/carbon nano-composite calcined in oxygen atmosphere at 120 ºC. In 2009, Masquelier 
et al. have examined the effects of reasonable thermal treatments under air on LiFePO4-based nano-
powders [60]. According to their report, capacity in the range from 3.3 to 2.0V (vs. Li/Li+) can be 
recognized as a new olivine phase including site confusion. In the consequent cycles, the charge 
capacity is almost the same as the discharge capacity, signifying a coulombic efficiency of 100%. In 
addition, Guyomard et al.’ current work also reported the revival phenomena [61].  
However, the phase change on the recovering process is still unclear. Additional study should be 
focused on this attractive phenomenon. 
 
 
Fig. 9  Electrochemical characters of the prepared LiFePO4/carbon nano-composite with a 
core-shell structure, which was calcined at 120 ºC under pure oxygen conditions for 24h [62]. 
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II. Experiments 
 
2. 1. Experimental method 
 
1) LiMnPO4 
 
 0.06 mol manganese acetate tetra hydrate(Mn(CH3COO)2·4H2O, 99%, Aldrich) was dissolved in 
30ml of distilled water was mixed with 200 ml tetra(ethylene glycol) (TTEG) using a three neck 
round-bottom flask. The mixed solution was vigorously stirred and heated at 100oC (solution 
temperature) for 1h, and then 30 ml 2 mol L-1 lithium dihydrogen phosphate(LiH2PO4, 99%, Aldrich) 
solution was dropped into the mixed solution. Finally, this solution was kept for another 4h, and then 
cooled to room temperature. LiMnPO4 materials were filtered and washed four times with ethanol and 
dried under vacuum at 120oC for overnight [63]. Carbon-coated LiMnPO4 (c- LiMnPO4) materials 
were prepared by high power ball-milling of 80 wt% LiMnPO4 and 20 wt% of Ketjen carbon black. A 
stainless steel container (200ml) and balls were used with a weight ratio of 1:30 (mixed powder: balls). 
The container was assembled in a glove box filled with pure Ar gas. 
 
2) LiMn0.7Fe0.3PO4 
 
0.042 mol manganese acetate tetra hydrate(Mn(CH3COO)2·4H2O, 99%, Aldrich) and 0.018 mol 
Iron(Ⅱ) acetylacetonate([CH3COCH=C(O)CH3]2Fe, 99%, Aldrich) were dissolved in 30ml of 
distilled water was mixed with 200 ml tetra(ethylene glycol) (TTEG) using a three neck round-bottom 
flask. The mixed solution was vigorously stirred and heated at 100 oC (solution temperature) for 1h, 
and then 30 ml 2 mol L-1 lithium dihydrogen phosphate(LiH2PO4, 99%, Aldrich) solution was 
dropped into the mixed solution. Finally, this solution was kept for another 4h, and then cooled to 
room temperature. LiMn0.7Fe0.3PO4 materials were filtered and washed four times with ethanol and 
dried under vacuum at 120 oC for overnight. Carbon-coated LiMn0.7Fe0.3PO4 (C- LiMn0.7Fe0.3PO4) 
materials were prepared by high power ball-milling of 80 wt% LiMn0.7Fe0.3PO4 and 20 wt% of Ketjen 
carbon black. A stainless steel container (200ml) and balls were used with a weight ratio of 1:30 
(mixed powder: balls). The container was assembled in a glove box filled with pure Ar gas. 
 
 
2. 2. Electrochemical measurement 
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A cathode electrode comprised of 85 wt% c- LiMn0.7Fe0.3PO4, 5 wt% Super P carbon black, and 10 
wt% poly(vinlidene fluoride) (PVdF) binder was fabricated. The thickness of the electrodes was about 
40 μm and the loading amounts of active materials were 6-7 mg cm-2. Charge-discharge voltage 
profiles were obtained with coin-type half cells. Lithium metal and 1.15M LiFP6 dissolved in a mixed 
solvent of ethylene carbonate (EC), dimethyl carbonate (DMC) and diethylene carbonate(DEC) (3:4:3 
vol. ratio) were used as an anode and electrolyte, respectively. The cells were cycled between 4.6 and 
2.0 V (vs. Li/Li+). They were charged to 4.6 V at a constant current of 0.1C and kept at 4.6 V for 2h 
30min, and discharged to 2.0V at constant currents of various C rates at 21oC or 60 oC. 
 
2. 3. Instrumental analysis 
 
Powder X-ray diffraction (XRD) (D/Max2000, Rigaku) measurement using Cu Kα radiation was 
used to identify the phase. Morphology of the samples was observed using scanning electron 
microscopy (SEM) (JSM 6400, JEOL) and transmission electron microscopy (TEM) (JEOL 2010F). 
TEM samples were prepared by evaporation of the dispersed nanoparticles in acetone or hexane on 
carbon-coated copper grids. Raman spectra of the samples were obtained by using Micro-Raman 
spectrometer alpha300R (WITec) with a He-Ne laser (532 nm) and a microscope objective (50X, 
Olympus Microscope). The size of the laser beam at the sample was ~1800 nm. 
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III. Results and discussion 
 
3. 1.  X-ray diffraction & Scanning Electron microscopy & Transmission Electron microscopy 
 
X-ray diffraction pattern of the LiMn0.7Fe0.3PO4 material after polyol preparation is shown in Fig. 10, 
our sample is a phase LiMn0.7Fe0.3PO4 with olivine structure indexed in Pnma of orthorhombic system 
[20]. The lattice parameters calculated that were a = 10.4211 Å, b= 6.0799 Å and c = 4.7331 Å. In our 
materials, (020) panel presents stronger intensity. It shows the platelet orientated in the a-c plane. It is 
attractive as only the ac plane is active for Li extraction and insertion: Li is inhibited to move only 
parallel to b. As such, this morphology is the best for rapid ionic diffusion and good kinetics of 
(de)lithiation [63]. SEM images of the material provided in Fig. 11 and showed SEM images of 
LiMn0.7Fe0.3PO4 (a) and carbon-coated LiMn0.7Fe0.3PO4 (b). Nanoplates morphology changed to be 
uneven. However, we confirmed even carbon-coating layer with TEM. The TEM image in Fig. 3 
demonstrates that the plate is 30-40 nm thickness. The TEM images also show that the particles are 
mono-crystalline[63]. In Fig. 12 (a) show the nanoplates of LiMn0.7Fe0.3PO4. As mentioned, In Fig. 12 
(b), we confirmed amorphous carbon-coating layer in carbon-coated LiMn0.7Fe0.3PO4. The nanoplate 
morphology has particular advantages associated with kinetics and commercialization. The synthesis 
of nanoplate  type LiMn0.7Fe0.3PO4 exhibiting growth along its a-c plane is beneficial since it favors 
the movement of lithium ions along the 1D [010] direction[64]. In addition, the nanoplate type 
morphology tends to advance the overall tap density and serves as a useful prospect for 
commercialization. Hence the present study of employing the solvothermal technique to synthesize 
nanoplate  LiMn0.7Fe0.3PO4 gains importance as it provides the opportunity to exercise control on 
tailoring particle morphology and improving tap density, simultaneously[65]. 
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Fig. 10  XRD patterns of (a) LiMn0.7Fe0.3PO4 and (b) carbon-coated LiMn0.7Fe0.3PO4 
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Fig. 11  SEM images of (a) LiMn0.7Fe0.3PO4 and (b) carbon-coated LiMn0.7Fe0.3PO4 
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Fig. 12  TEM images of (a) LiMn0.7Fe0.3PO4 and (b) carbon-coated LiMn0.7Fe0.3PO4  
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3. 2.  Raman spectroscopy 
 
 Y. Bai et al. reported Raman spectroscopy of carbon-coated LiFePO4 in 2011. They believe with 
confidence that Raman spectroscopy can offer their insight into the local structural and compositional 
differences of the pure and adapted LiFePO4 from the perspective of the PO4
-3 anions [66]. They 
explained the intensity of the LiFePO4 characteristic band near 950 cm
-1 dropped rapidly, implying the 
breakdown of the LiFePO4 crystal structure. The complex shape of the bands between 900 and 1200 
cm-1 is due to the presence of several overlapping peaks on a broad background. In fact, it was 
difficult to analyze and fit the asymmetric broad peaks in this region with enough confidence [66]. In 
Fig. 16 shows Raman spectroscopy of carbon-coated LiMn0.7Fe0.3PO4. The spectra are shown by two 
intensive bands at 1345 and 1588 cm-1. These two bands are defined as D and G peaks [67-69]. We 
describe reaction with electrolyte during the charging to 4.4V at 60 oC. Important changes in the 
spectral features were observed in the first step; they are the presence of new lines with increased 
intensities upon LixMn0.7Fe0.3PO4 delithiation, several band splitting, and frequency shifts in Fig. 13. 
Raman spectrum of a LixMn0.7Fe0.3PO4 powder exhibits only a sharp band at 949 cm
-1 and two weaker 
bands at 994cm-1 and 1079cm-1 assigned to the internal modes of the (PO4)
3- anion [70]. Moreover, we 
confirmed lithium carbonate peak at the 711 cm-1. But in Fig. 13 have not shown lithium hydroxide 
peak at 840 and 1091 cm-1 [71]. We believe that lithium carbonate was from electrolyte during the 
charging and discharging at 60 oC. Even if carbonate was occurred, LiMn0.7Fe0.3PO4 maintains stable 
voltage profile at 60 oC. 
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Fig. 13  Ex-situ Raman spectra in the 200-1800 cm-1 frequency range obtained for chemically 
delithiated LiMn0.7Fe0.3PO4 samples charged to 4.4V at 60 
oC. Excitation with 532 nm radiation. 
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3. 3. Electrochemical Performance 
 
Fig. 14 shows the voltage profiles of carbon-coated LiMn0.7Fe0.3PO4; the cells were charged to 4.6V 
(vs. Li/Li+) at 0.1C and 1C rate and kept at 4.6V for 2h, and discharged to 2V at 0.1C and 1C rate ( the 
cells were tested at 21 oC, 60 oC and 1C was set at 170 mA g-1). The redox plateau potentials of 
Mn2+/Mn3+ in both samples are clearly observed at < 4V during discharge and charge, but the 
attractive thing is that Fe2+/3+ in both samples are not clearly observed at < 3.4V during discharge and 
charge. The polyol sample showed excellent capacity retention at each rate step. In Fig. 14(b), the 
carbon-coated LiMn0.7Fe0.3PO4 showed discharge capacity of 165 mAh g
-1 after 40 cycles at 0.1C (60 
oC). S. K. Martha et al. reported voltage profiles of carbon-coated LiMn0.8Fe0.2PO4 that was 160 mAh 
g-1 at 0.1C. But they didn’t mentioned high temperature test [50]. In addition, S. M. Oh et al. reported 
voltage profiles of carbon-coated LiMn0.85Fe0.15PO4 that was 150 mAh g
-1 at 0.04C after 50cycles [51]. 
It was high temperature test at 55 oC. We reported 160mAh g-1 at 0.1C after 40cycles in Fig. 14. These 
results demonstrate better than other results at the high temperature test. (Table 1) 
Indicatively coupled plasma atomic emission spectroscopy (ICP-AES) confirmed that Mn 
dissolution into electrolyte. Fig. 15 is shown the voltage profiles of the carbon-coated LiMnPO4 (a) 
and LiMn0.7Fe0.3PO4 (b). The dissolved amount of Mn for the C-LiMnPO4 was approximately 
174.8ppm while the C-LiMn0.7Fe0.3PO4 exhibited reduced Mn dissolution in the electrolyte that 
LiMn0.7Fe0.3PO4 was approximately 103.2ppm. We believe that the Fe doping and carbon-coating on 
the C-LiMn0.7Fe0.3PO4 prevents the particle surface and reduced Mn dissolution, which enhanced the 
electrochemical performance. 
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Fig. 14  Voltage profiles of the carbon-coated LiMnPO4(a, c) and LiMn0.7Fe0.3PO4(b, d) in coin-
type half cells at 60 oC were charged to 4.6 V (vs. Li/Li+) at 0.1C, 1C and kept at 4.6V for 2h, 
and discharged to 2V at 0.1C, 1C rate(the cells were set at 170 mA g-1). 
 
Fig. 15  Discharge capacity versus number of cycle for (a) carbon-coated LiMnPO4 and 
LiMn0.7Fe0.3PO4 at 0.1C, (b) carbon-coated LiMnPO4 and LiMn0.7Fe0.3PO4 at 1C. The cells were 
charged to 4.6V at 0.1C, 1C and kept at 4.6V for 2h, and discharged to 2V at 0.1C, 1C rate (the 
cells were set at 170 mA g-1). 
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IV. Conclusions 
 
We describe a polyol method to synthesize nanoplates LiMn0.7Fe0.3PO4. the material obtained from 
this method has shown the specific capacity results : 161 mAh g-1 at 0.1C rate and 143 mAh g-1 1C 
rate. The high rate performance is attributed to the platelet morphology of the material which is only 
30-40 nm thick. The material exhibited a stable behavior at room temperature and 60 oC over 40 
cycles. The capacity retention of the carbon-coated LiMn0.7Fe0.3PO4 after 40 cycles at 60 
oC was 99% 
while that of the carbon-coated LiMnPO4 was 57% compared with the first discharge capacity. 
Carbon coating and Fe doping effects improved electronic conductivity and suppressed Mn 
dissolution from the carbon-coated LiMn0.7Fe0.3PO4. 
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